We present a magnetic resonance (MR)-guided near-infrared dynamic contrast enhanced diffuse optical tomography (DCE-DOT) system for characterization of tumors using an optical contrast agent (ICG) and a MR contrast agent [Gd-diethylenetriaminepentaacetic acid (DTPA)] in a rat model. Both ICG and Gd-DTPA are injected and monitored simultaneously using a combined MRI-DOT system, resulting in accurate co-registration between two imaging modalities. Fisher rats bearing R3230 breast tumor are imaged using this hybrid system. For the first time, enhancement kinetics of the exogenous contrast ICG is recovered from the DCE-DOT data using MR anatomical a priori information. As tumors grow, they undergo necrosis and the tissue transforms from viable to necrotic. The results show that the physiological changes between viable and necrotic tissue can be differentiated more accurately based on the ICG enhancement kinetics when MR anatomical information is utilized. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction
Diffuse optical tomography (DOT) utilizes near-infrared (NIR) light to obtain spatially resolved tissue optical properties and can be used to probe tissue physiological properties based on endogenous contrast. For example, absorption coefficient increases in cancerous tissue due to elevated hemoglobin concentration, [1] [2] [3] [4] [5] while it reduces in breast cancer patients who respond to chemotherapy treatment due to anti-angiogenic processes. [6] [7] [8] Meanwhile, exogenous contrast agents such as FDA approved near-infrared optical agent Indocyanine green (ICG) can also be used for DOT to enhance lesion visualization due to the enhanced blood vessel growth in the cancer tissue.
ICG binds to plasma proteins in vivo and can be used to probe the tumor vascular permeability. There have been a few optical imaging studies using ICG as an exogenous contrast agent for breast cancer imaging. For instance, Cuccia et. al. used diffuse optical spectroscopy to show different ICG kinetics for different tumor stages with an animal model. 9 Intes et. al. and Ntziachristos et. al. used continuous wave breast DOT systems and showed different kinetics for cancerous and normal breast. 10, 11 Hagen et al. showed that invasive carcinomas retain an ICG fluorescence signal after being largely clear out from the body, indicating the high permeability of malignant tumors. 12 During the last couple of years, our center has developed a combined MRI-DOT small animal imaging system, 13 which provides a unique opportunity to utilize MRI a priori information for guided dynamic contrast enhanced (DCE)-DOT reconstruction. In this study, Fisher rats bearing R3230 breast tumors are imaged at different stages by our combined MRI-DOT system. The results show that when MRI anatomical information is used to guide and constrain the DCE-DOT reconstruction process, recovered ICG enhancement kinetics differentiates the physiological changes between viable and necrotic tissue more accurately. To our knowledge, this is the first time magnetic resonance (MR) guidance is used in DCE-DOT analysis in vivo. The results confirm the importance of using structural a priori information in DCE-DOT reconstruction.
Method
An MR compatible frequency domain DOT system has previously been developed in our lab. 14, 15 The system operates at 100 MHz and 8 sources and 8 detectors are used, which yield 64 amplitude and 64 phase measurements. The temporal resolution of the system is 16 s, which is a pivotal feature for measuring ICG kinetics due to the fact that ICG reaches its peak concentration in about 1 min. For optical data analysis, a diffusion equation for light propagation modeling is utilized. A Levenberg-Marquardt nonlinear optimization algorithm is used for the reconstruction process. When structural a priori information from MRI is available, Laplacian-type soft a priori is utilized to guide and constrain DOT reconstruction. 16 All the reconstruction parameters, including the initial guess, damping factor, and stopping criteria, are kept the same for all the cases to ensure that there is no bias in the results. MRI setup consists of a 4T magnet with a customdesigned birdcage type RF coil, which is built into the DOT Fig. 1 (a) The T1-weighted image of a rat bearing a viable tumor. The peak Gd-DTPA enhancement on the tumor is superimposed on the anatomical image (red region). The enhancement is strong and evenly distributed within the whole tumor. (b) The ICG enhancement maps without and with MRI anatomical information are shown in the first and second row, respectively. The baseline absorption maps are shown in the first column. The next five columns of images show a time-lapse series of absorption enhancement. The tumor can be clearly seen at the peak ICG uptake (170 s) as the highest absorption area.
interface. Meanwhile, the temporal resolution of DCE-MRI is 23 s and the acquisition parameters are: 180 ms repetition time, 15 ms echo time, 90 degrees flip-angle, 120 mm field of view, 4 mm slice-thickness, and matrix size of 128 × 128.
All animal procedures were approved by the Institutional Animal Care and Use Committee at University of California, Irvine. Fischer rats subcutaneously implanted with R3230 adenocarcinoma breast tumor were used for this study. The cells were allowed to grow until the resulting tumor reached a size of approximately 5 mm, when the DCE-DOT studies were performed. The ICG was injected into the animals and a 785 nm laser was used to perform the DCE-DOT study, which corresponded to the peak absorption of ICG. Thirty-two frames of DOT measurements were obtained throughout each experiment. Actually, ICG was injected during the 7th frame as a single bolus together with the MR contrast agent Gd-DTPA. Hence, DCE-DOT and DCE-MRI data were acquired simultaneously, yielding an accurate co-registration between the two modalities both in space and time. The calibrated in vivo data was analyzed with and without MRI anatomical a priori information. The detailed image co-registration and mesh generation has published previously. 17 
Results and Discussion
The availability of DCE-MRI images permits separation of tumor tissues effectively into two different growth stages, namely, viable and necrotic.
Viable Tumor
During the early stage of tumor growth, dense blood vessels are formed due to tumor induced angiogenesis. 18 At this stage, tumor tissue is defined as viable. Due to increased blood perfusion, viable tissue displays high Gd-diethylenetriaminepentaacetic acid (DTPA) enhancement throughout the whole tumor. As an example, the T1-weighted MR image of a rat bearing a viable tumor is shown in Fig. 1(a) . For this particular case, the size of the tumor is approximately 1.0 cm in diameter. The peak Gd-DTPA enhancement at the tumor region is overlaid on the anatomical image. Evidently, the enhancement is strong and evenly distributed within the tumor.
The ICG enhancement images at selected time points for the very same animal are shown in Fig. 1(b) . The ICG enhancement maps are reconstructed with and without MRI anatomical a priori information. The high ICG enhancement region correlates very well with the tumor region obtained by MRI. When MR image guidance is used, the tumor region shows more uniform distribution due to the use of a priori information, which tends to loosely group all the pixels within one region together, yet still allows the update of an individual pixel.
Necrotic Tumor
As tumors grow larger, the existing blood vessels undergo a regression, which in turn results in necrosis within the central part of the tumor. However, the tumor margin continues to recruit new blood vessels as a strategy to secure further growth. 19 A tumor at this stage is defined as necrotic tissue. As an example, the T1-weighted MR image of a rat bearing necrotic tumor is shown in Fig. 2(a) . The size of the tumor is approximately 2.5 cm in diameter. The peak Gd-DTPA enhancement on the tumor is superimposed on the anatomical image. The tumor region shows low Gd-DTPA enhancement toward the inner aspect of the tumor, indicating the tumor has outgrown the nutrition supply and the tissue undergoes necrosis. However, the boundary still shows good blood perfusion due to the robust angiogenesis on the tumor margin.
The ICG enhancement maps are also reconstructed with and without MRI anatomical a priori information. Similar to the previous case, Fig. 2(b) shows ICG enhancement maps at selected time points. Again, the high ICG enhancement region correlates very well with the tumor region obtained by MRI. However, unlike MRI, DOT does not have high spatial resolution to distinguish the inner necrotic part of the tumor and the margin, which is still active. As a result, the whole tumor region displays stronger ICG enhancement compared to the surrounding tissue.
ICG Enhancement
Among all 10 animals, 5 of them were bearing viable tumors, while the others had necrotic tumors. During the analysis of ICG enhancement, the local peak absorption increase at the tumor region due to ICG was calculated for each animal. For comparison purposes, ICG peak enhancement was also calculated for a region of interest (ROI) chosen at the muscle region that was close to the tumor. The calculated values for the ROIs that corresponds to both tumor and muscle regions are presented in Table 1 .
The ICG absorption change as a function of time without and with MR information is plotted in Figs. 3(a) and 3(b) , Fig. 2 (a) The T1-weighted image of a rat bearing a necrotic tumor. The peak Gd-DTPA enhancement on the tumor is overlaid on the anatomical image. The tumor region shows low Gd-DTPA enhancement (blue to green color) toward the inner aspect of the tumor, indicating the tumor has outgrown the nutrition supply and the tissue undergoes necrosis. However, the boundary (red color) still shows good blood perfusion due to the robust angiogenesis on the tumor margin. (b) The ICG enhancement maps without and with MRI anatomical information are shown in the first and second row, respectively. The baseline absorption maps are shown in the first column. The next five columns of images show a time-lapse series of absorption enhancement. The tumor can be clearly seen at the peak ICG uptake (170 s) as the highest absorption area.
respectively. Without MR guidance, there is clearly an overlap between the peak absorption increase of viable tumor and necrotic tumor. For instance, rats #7 and #10 show only 0.004 and 0.002 mm − 1 absorption increase due to ICG for a viable tumor (highlighted in Table 1 ). This is even lower than rats #1, #2, #3, and #5, which all have necrotic tumors. Presumably, this may be due to the relative small size of the tumor (0.5 and 0.4 cm), resulting in an underestimated absorption increase. On the other hand, when MR anatomical information about the tumor is used to guide DOT reconstruction, the absorption increase for viable and necrotic tumors shows a significant difference, Fig. 3(b) . Figure 3(c) shows the mean and standard deviation for absorption increase due to ICG in the tumor region as well as surrounding muscle tissue corresponding to peak enhancement. Without the MR guidance [ Fig. 3(c) ], the mean μ a is higher for the viable tumors, 0.008 ± 0.004 mm − 1 , compared to the necrotic tumors, 0.005 ± 0.001 mm − 1 . However, the high standard deviation values make it difficult to distinguish both stages confidently. Meanwhile, the ICG enhancement in the muscle region shows similar levels for animals with viable and necrotic tumors, 0.005 ± 0.003 and 0.004 ± 0.002 mm − 1 , respectively, and the error bars for the two groups overlap with each other.
On the other hand, when MR a priori is used [ Fig. 3(c) ], the difference between mean μ a for both tumor stages increases drastically: 0.019 ± 0.002 and 0.007 ± 0.001 mm − 1 for viable and necrotic tumors, respectively. Meanwhile, the ICG enhancement in the muscle region still shows similar Table 1 Summary of tumor stages for 10 animals. The absorption increase due to ICG ( μ a ) at both tumor and muscle regions for each animal are shown. The unit for μ a is mm − 1 and the unit for a tumor size is millimeters. Although animals #7 and #10 has viable tumors, the absorption increase due to ICG is similar to necrotic tumors (highlighted). However, when a priori information is utilized, μ a in the tumor region becomes similar to other viable tumors. The mean values for both groups are also provided together with the standard deviation values.
Rat no. . 3 The ICG dynamic enhancement time course curves obtained using the recovered mean absorption coefficient in the ROI without and with MRI are shown in (a) and (b), respectively. The mean and standard deviation for absorption at the peak ICG enhancement in the tumor region as well as surrounding muscle tissue without and with MRI are shown in (c). Viable and necrotic stages are indicated with solid and dashed lines, respectively. levels for animals bearing different tumor stages (viable: 0.005 ± 0.002 mm − 1 and necrotic: 0.0038 ± 0.001 mm − 1 ). Please note that standard deviation in the μ a values also decreases particularly for viable tumors when MR a priori information is used to guide and constrain the DOT reconstruction.
Conclusion and Discussion
In summary, we presented spatially-resolved dynamic enhancement kinetics of ICG using a hybrid DOT-MRI system in vivo.
The hybrid system allowed carrying out the DCE-DOT analysis using MR anatomical information. The results confirmed the performance of DCE-DOT in tumor localization. However, only when MRI a priori information was utilized, ICG enhancement showed a significant difference for the two tumor stages. These results confirmed that a hybrid DCE-DOT system can be an effective tool for characterization of tumor stages by providing an accurate ICG enhancement amount. As the next step, ICG kinetics will also be analyzed to provide additional information for tumor diagnosis and therapy monitoring.
